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The growing number of Electric Vehicles poses a serious challenge at the end-of-life for
battery manufacturers and recyclers. Manufacturers need access to strategic or critical
materials for the production of a battery system. Recycling of end-of-life electric vehicle
batteries may ensure a constant supply of critical materials, thereby closing the material
cycle in the context of a circular economy. However, the resource-use per cell and thus its
chemistry is constantly changing, due to supply disruption or sharply rising costs of certain
rawmaterials along with higher performance expectations from electric vehicle-batteries. It
is vital to further explore the nickel-rich cathodes, as they promise to overcome the
resource and cost problems.With this study, we aim to analyze the expected development
of dominant cell chemistries of Lithium-Ion Batteries until 2030, followed by an analysis of
the raw materials availability. This is accomplished with the help of research studies and
additional experts’ survey which defines the scenarios to estimate the battery chemistry
evolution and the effect it has on a circular economy. In our results, we will discuss the
annual demand for global e-mobility by 2030 and the impact of Nickel-Manganese-Cobalt
based cathode chemistries on a sustainable economy. Estimations beyond 2030 are
subject to high uncertainty due to the potential market penetration of innovative
technologies that are currently under research (e.g. solid-state Lithium-Ion and/or
sodium-based batteries).
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INTRODUCTION
Since the commercial development of Li-ion cells in 1991 by Sony (Nishi, 2001), the Lithium-ion
battery (LIB) market is continuously growing. The market for rechargeable LIBs is currently divided
into three main segments: consumer electronics, electromobility (e-mobility) applications and
stationary batteries. Within these listed segments, e-mobility is essential for achieving the
climate targets. E-mobility essentially means much more than driving an Electric Vehicle (EV).
E-bikes and e-scooters have gained popularity and they are increasingly materializing in our daily
lives. The battery chemistry used in EVs can also be applied in other mobility solutions (Vezzini,
2014). However, expected lifetime of e-bikes and e-scooters are relatively shorter as compared to xEV
due to the high cycle number at high C-rates in a short period of use (Oeser, 2018; Baeva et al., 2019).
EVs are strong contributors to the expanding market of Li-ion cells because an EV battery system
is much larger in Ah as compared to consumer applications. Automotive traction batteries can
contain up to 7,000–10,000 single cylindrical cells of the formats 18,650-type (18 mm diameter,
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65 mm height) or 21,700-type (21 mm diameter, 70 mm height)
(Quinn et al., 2018). In consequence, the global demand for raw
materials of Li-ion cells will rise tremendously in the upcoming
years. In case the local grid demands offer attractive return of
investments, the stationary applications employing Li-ion cells
would also be of great interest. In Australia, for example, Tesla has
built up a 129 MWh stationary battery consisting of cylindrical
cell modules, mainly same as those in the Tesla automobile
(Perkins, 2018; Keck et al., 2019).
Nevertheless, what makes Li-ion so unique, why was it worth
receiving the Nobel price of chemistry in 2019 (Manthiram,
2020), and will it be or stay the ruling battery technology?
Indeed, the ingredients of success are quite uniquely called
intercalation electrodes and Solid Electrolyte interphase (SEI)
(Nishi, 2001; Handbuch Lithium-Ionen-Batterien, 2013; Pistoia,
2014; Luntz et al., 2015; Liu et al., 2016; Zubi et al., 2018). No
question that some replications with mobile ions other than Li-
ions are also feasible. However, the important discussion lies in
the question if the replication can ever beat the original. The ideal
intercalation principle allows to insert and extract ions into and
from a lattice host structure without any volume changes. Indeed,
such a “zero strain” material exists in reality, it is Li4Ti5O12,
capable to insert and extract three Li atoms with nearly zero strain
expansion (about 0.2–0.3%) which results in achieving extremely
high cycles with improved safety (Zaghib et al., 1999; Xu et al.,
2017). One may argue that this is also due to the favorable voltage
of about 1.5 V vs. Li+/Li, which evidently suppresses electrolyte
decomposition. However, the less the volume changes upon
charge and discharge of an intercalation material, the better
the expected cycle behavior. The volume expansion of the host
materials also depends on the co-intercalation of solvent species.
Similar to hydrogen, lithium offers very small ions. Smaller the
ion, lesser the expected volume changes of the host lattice when
the ions are inserted and extracted. In fact, any alternative to Li-
ions should contain larger monovalent ions. If multivalent ions
are anticipated, the discussion does not only include the size but
also possibly much unfavorable diffusions coefficients than those
of monovalent ions (Levi and Aurbach, 2005; Li et al., 2020). A
similar uniqueness holds for the SEI. A breakthrough discovery
was the fact that LiAsF6 and LiPF6 based electrolytes, dissolved in
certain carbonate mixtures consisting of EC (ethylene carbonate),
DMC (dimethylcarbonate), EMC (ethylmethylcarbonate) and
DEC (diethylcarbonate), build SEIs on graphite electrodes (the
negative one), which last a whole battery life with acceptable
degradation (Aurbach et al., 1995; Peled and Menkin, 2017).
Evidently, only LiPF6 survived since LiAsF6 was not feasible due
to reasons of toxicity. But the most interesting aspect is that since
1991, around 95% of the electrolyte composition stayed
unchanged, proving the uniqueness of this electrolyte system.
So, any replication attempt with other mobile ions has to find a
comparable electrolyte system at first. Cells employing so-called
solid electrolytes (Zheng et al., 2018) are not in discussion to just
replace the liquid electrolyte. The hope is to employ solid
electrolytes in order to use metallic negative electrodes and
improve the energy density. However, actual research results
do not show that this option would be available in widespread
commercial applications before 2030. It has to be additionally
emphasized that tremendous production capacities (Giga-
factories) (Kurland, 2019; Fan et al., 2020) and automotive
V-Model life cycle (Kumar et al., 2009; Liu et al., 2016) will
prevent any fast switch to other battery cell technologies. Hence,
it is established that Li-ion technology will be prominent in the
near future, however its chemistry and materials are uncertain.
Discussing the materials for all the battery components is not
within the scope of this paper, thus the most challenging one is
selected, the cathode (positive electrode). The negative electrode
is somehow settled. Graphite has a potential near lithium, and
only the combination of graphite and electrolyte allows long
lasting SEIs, so no improvements are possible besides adding
some silicon (Xiang et al., 2011; Chakrapani et al., 2012). The
positive electrode, however, has still a tremendous tuning factor,
if we look at the so-called 4 V materials. Particularly Nickel-
Manganese-Cobalt (NMC) and Nickel-Cobalt-Aluminium
(NCA) based electrodes have unified much advantages such as
capacity, long life, acceptable safety, capacity (mAh/g), as well as
voltage slope as function of the state of charge (SoC) which is very
favorable for many applications (Barré et al., 2013; Thielmann
et al., 2015; Dominko et al., 2019). Alternative cathode materials
with higher capacity have often been discussed in the literature,
such as manganese vanadates (Mn(VO3)2·yH2O) (Pillot, 2017),
but they failed due to unfavorable voltage as function of the SoC
as well as too low absolute mean values of the open circuit voltage
vs. Li. Though LiFePO4 is a very interesting and already
successfully commercialized cathode candidate (Handbuch
Lithium-Ionen-Batterien, 2013; Pillot, 2017; Zubi et al., 2018),
it is rather a 3 V than a 4 V material. Hence, LiFePO4 struggles in
energy density over NMC.
In order to consequently optimize NMC, researchers started to
tune the N:M:C 1:1:1 (LiNi1/3Mn1/3Co1/3O2) formulation to more
Ni-rich ones such as 5:3:2 (LiNi0.5Mn0.3Co0.2O2), 6:2:2
(LiNi0.6Mn0.2Co0.2O2) and 8:1:1 (LiNi0.8Mn0.1Co0.1O2). The
question then arises as to which of these compositions is the
most favorable one, and if 8:1:1 is technically and commercially
feasible (Kim et al., 2018). This shifts the frequently discussed raw
material question from cobalt to nickel, especially in the time
horizon of 2030.
In parallel, the handling and recycling of LIB from end-of-life
(EoL) vehicles at the end of their service life is proving to be
extremely challenging for battery manufacturers and recyclers.
However, used batteries also offer economic opportunities. This is
particularly true in an environment in which manufacturers of
key components of e-mobility are trying to secure their access to
raw materials of strategic economic importance in the long term.
The materials and elements from LIBs of EVs can be an extremely
valuable secondary source. In addition to material recycling,
alternative recycling strategies such as reuse, repair and
remanufacturing offer the possibility of extending the
economically usable life of a battery system and at the same
time mitigating the growing demand for resources for the
production of energy storage systems.
Assuming a 10 years lifetime in automotive followed by a
10 years lifetime in stationary applications, those batteries have a
time delay of 20 years for any recycling effort. In this context, one
can ask when would these used batteries will be available for the
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recycling strategies. Additionally, the automotive battery mass
market is assumed to begin earliest in 2023 (Sonoc et al., 2015).
This market cannot be the recycling driver in such a short run.
This means, currently it is vital to discuss the available materials
coming from consumer cells and small traction batteries (eg
e-bikes, e-scooters, pedelecs and segways). In order to be able to
evaluate the feasibility of such reverse supply chains at all, in the
first step the potential return volumes from EoL batteries have to
be estimated. In addition to the quantity as a function of time,
other factors such as development in the battery performances
(direct effect on the EoL), battery chemistry in the future as well
as reuse and recycling costs have to be taken into consideration.
On this basis, various recycling strategies could be predicted in
accordance with the European waste regulations.
Taking into account that Li-ion will be the dominating system
for a long time, and the battery demand and production capacities
will be growing together along with the anticipated development
of Ni-rich cathodes for Li-ion cells, we reduced the prominent
questions to the following; First, the expected NMC compositions
(until 2030) will be discussed including performance aspects such
as cycling aging, safety and cost. Secondly, the question of raw
material availability is explored, taking the competition with the
steel industry into account. Lastly, it is discussed whether the
various strategies for a circular economy (recycle, reuse, repair,
remanufacture) can possibly reduce the market stress and
contribute to raw material availability.
EVALUATION AND PROGNOSIS OF
EXPERTS’ SURVEY
The methodology consists of two-step analysis. Firstly, we
perform an extensive literature study of the market shares of
EV batteries, their chemistry and expected lifetime. The findings
are further supported with expert opinions in order to predict the
possible developments in the future. Secondly, we perform a
criteria-based prognosis for the realistic scenarios of battery
development until 2030. The complete survey consisted of 13
questions focused on battery lifetime, second life and future
battery developments.
The literature study complements the finding from the experts
and helps in verification. As a first step thematically matched
experts (battery R&D scientists, recyclers, manufacturers, raw
material experts, consultants etc.) were identified. We have then
defined the necessary questions and scenarios in order to adequately
evaluate the survey and to gain a deeper understanding of today’s
challenges, requirements and prospective expectations. Elicitation
interviews took place in april 2020 by mailing them a questionnaire
(see Supplementary Material).
Experts’ Opinion on the Evolution of Li-Ion
Battery Cathode Chemistry
Due to the various stakeholders’ involvement, from the fields of
producer-customer, raw material suppliers and recycling market,
a target-oriented interdisciplinary survey must be conducted to
identify future battery technologies and business developments.
Collectively, there is an estimation of global demand of 1,200
GWh battery capacity in the year 2030, which is projected to
increase to 3.500 GWh by 2050 (Dolega, 2019). Zubi et al.
reported around 1.5 Million of EV will be sold worldwide in
2020 and the LIB demand is expected to reach 240GWh in 2030
(including EV, PHEV and HEV) (Zubi et al., 2018). The rapid
growth may lead to temporary shortages of lithium, nickel and
cobalt under certain circumstances. Currently the primary state-
of-the-art automotive Li-ion chemistries are
LiNi0.8Co0.15Al0.05O2 (NCA), spinel LiMn2O4 (LMO), olivine
LiFePO4 (LFP), and layered LiNi1−x−yMnyCozO2 (NMC).
Among these chemistries, NMC is assumed to have 60% of
market share in the near future (Vaalma et al., 2018).
With reference to this largemarket share, this paper focuses on
NMC chemistry evolution until 2030. A market report of
Avicenne Energy (Pillot, 2017) on different NMC chemistries
(NMC 811, NMC 622, etc.) for 2020 was used as reference. Also,
we asked the experts to predict the expected changes in these
chemistries until 2030, if a technologically progressive
development is assumed (Figure 1). This progressive
development can be realized if all the primary challenges
(stable raw material prices, reaching higher energy density and
capacity, improved safety and design) are overcome and the
battery life cycle is technologically advanced.
NMC cathodes are also particularly robust and more durable
than the NCA cathodes. Most EV manufacturers have already
presented their near future plans on NMC cathode material.
Batteries with Ni-Mn-Co ratio of 1:1:1 (NMC 111) are currently
widely used (45% market share), but alternative ratios with NMC
532 and NMC 622 already exist. Some experts assume that in the
future NMC 811 will have the highest market share compared to
other ratios. In order to estimate the realistic market shares of
different NMC chemistries, we have defined six important key
characteristics for EV batteries:
• Raw material prices
• High energy density
• High capacity
• increase of temperature tolerance
• Stability (Safety)
• Reduction of battery weight
As a first step we asked experts to order these characteristics
according to their influence on battery design and chemistry.
Most of the experts agreed that the increasing raw material prices
has the highest influence factor on the decision of battery
chemistry. The resulting order of influence factors is shown in
Figure 2A.
Increase in rawmaterial costs has a direct impact on the cost of
the battery and it is highly predictable that it can play an
important role during the development of new battery
chemistry. Higher nickel content brings higher capacity and
energy content. For example, NMC 111 exhibits 160 mAh g−1
of a specific capacity where this value reaches to more than
200 mAh g−1 for NMC-811 (Schmuch et al., 2018). However, Ni-
rich batteries become less stable and consequently show shorter
cycle life. Furthermore, production is usually more expensive due
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to need of extra additives and safety concerns (temperature
tolerance, stability). Last but not least, the weight of the
battery has also a direct impact on the performance of the
EVs. Lighter battery results with lighter EV with extended
driving range.
We gave certain statements and requested the experts’
viewpoint (Table 1). Not every expert answered every question
and some of them stayed “undecided.” Specifically, we asked
about the probability of achieving a battery with high
performance and better safety with low cost in 2030.
Given the disagreement of the experts on raw material prices,
we further analyze the potential of alternative end-of-life
strategies to reduce fluctuations of raw material prices. For the
rest of the statements, most of the experts believed that there will
be a success for higher capacity, higher energy density, higher
temperature tolerance, higher safety and lighter battery packs.
The table above also summarizes the expected developments for
Ni-rich cathodes.
Experts’ Opinion on calendar lifetime of
batteries
Most batteries used in EVs currently have a minimum warranty
of 8-year (Neubauer and Pesaran, 2011; Skeete et al., 2020).
According to answers of 24 experts, the average life of an EV
battery in 2030 is estimated as 12.2 years assuming the
development is technically progressive (Figure 2B). Based on
many studies, the SoH of an EV battery is reduced to 80% after
8–10 years. External factors such as operating temperature,
overcharge/discharge, high charge/discharge rates and
improper charge/discharge cycles can negatively affect the SoH
(Barré et al., 2013). The SoH indicates the condition of the battery
system and characterizes its ability to meet the specified
performance specifications. The specification of SoH is related
to the performance values of a new battery system. Hereby we first
asked experts to rank the influence of the individual factors on the
life of a battery. After evaluation of expert answers, the following
order was established: Temperature > SoC > range > C-Rate
Cycle number.
Brief explanations of these factors and their impact the SoH
and consequently the battery lifetime are given in Supplementary
Material.
Thereby the operating temperature has a much greater
effect on the SoH than the SoC range, C rate and number
of cycles. In this case, it should be noted that for future
developments, the battery materials must be more resistant
to fluctuations in the operating temperature. In addition, the
battery must be able to operate in a wider SoC range.
According to the order of the influencing factors, weighting
impact numbers were distributed from 1 (lowest impact) to 4
(highest impact).
Following the assignment of weightage to the influencing
factors, the experts were asked to estimate the development
potential of the respective factors until 2030. According to the
majority of the experts, the higher C-rates capability and
achieving high cycle numbers are estimated to have a high
development potential, whereas the higher temperature
resistance and broader SoC rate can still be a challenge
(Table 2). A “score” is specified for each of the influencing
factors in the table:
FIGURE 2 | (A) Impact of influence factors on battery chemistry
developments (B) Expected battery lifetime in 2030 if the important influence
factors are improved.
FIGURE 1 | Evolution of NMC Chemistry from 2020 to 2030 and the
values according to realistic scenario calculations.
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• Low Potential  0
• Medium Potential  0.5
• High Potential  1
These scores together with impact numbers are used later in
Realistic Scenarios of Future Developments in Battery Technology
in order to calculate a realistic battery life expectancy.
Realistic Scenarios of Future Developments
in Battery Technology
This section presents the individual results of the expert survey
and the forecasting for the battery life and chemistry. Detailed
calculations of realistic scenarios are given in the Supplementary
Material Sections 1–3.
Taking into account the resulting weighting and the expected
development of the influencing factors described in the previous
section were used to calculate Realistic Development Potential
(RDP) %. According to the described procedure (Supplementary
Material 1), a RDP % is obtained as 65%. The difference between
the progressive (Experts’ opinion) and conservative (state-of-the-
art) scenario is equal to 4.2 years. In this case, an expected life of
lithium-ion battery systems in 2030 according to a calculated
realistic is rounded to 11 years.
As Table 1 lists all relevant influencing factors and shows the
estimations of the 25 experts for the future development, another
RDP% for the battery chemistry can be calculated as 62.6%
(Supplementary Material 1). The dominating answers are marked
bold and the answers with “undecided” were neglected. Accordingly,
realistic market shares can be seen in the last row of Table 3.
A realistic calculation was indispensable for analyzing the
coherence of the answers. The answers obtained from experts
had to be examined in terms of inner logic, consistency and
plausibility. As a result, the realistic market share of NMC 111
can be forecasted still higher than the experts’ opinion
(Figure 1 and Table 5).
When we interpreted these numbers, it must be noted that, the
dominant NMC lithium-ion cells with a simultaneous increase in
the nickel content is already in progress today. Without the trend
toward lithium-ion cells with reduced cobalt content, the demand
for cobalt for global e-mobility would still be considerably high in
the medium and long term.
RAW MATERIAL SITUATION AND
POTENTIAL SHORTAGES
LIBs consist of several raw materials that are associated with
medium or high supply risk (Helbig et al., 2018). As this work
focusses on cell chemistries based on nickel-manganese-cobalt
(NMC) cathodes, these materials have to be analyzed in detail.
The same applies to lithium as it is considered an “important,
substantial and probably critical metal” as well (Simon et al.,
2015). Instead of a detailed material criticality assessment, a
qualitative discussion of relevant factors concerning the four
mentioned raw materials is conducted. Therefore, some
generally acknowledged indicators (Benjamin Achzet, 2013) or
describing the supply risk are discussed but not evaluated in
detail. Additionally, the expected change in cell chemistry of LIBs
is assessed in terms of its effect on the future sustainable supply of
battery materials.
Recent developments in lithium ion technology aim on nickel
rich cathodes. Starting from equal shares of nickel, manganese
and cobalt (NMC 111) in the first generations of NMC-batteries,
the share of nickel is increased while reducing the ones of
manganese and cobalt. The stepwise progression went to the
second generation of NMC cathodes with material shares of 50%
nickel, 30% manganese, 20% cobalt (NMC 532) and 60% nickel,
20% manganese, 20% cobalt respectively (NMC 622) (Study on
the review of the list of critical raw materials: Final report, 2017).
The third generation, which is expected to become predominant
Table 1 | Statements on battery developments and expert answers.
Development until 2030: Disagreed Agreed Undecided Favoring Ni-rich Cathodes?
Raw material prices for battery material will rise 8 8 9 YES
The energy density of Battery Systems will increase 0 22 3 YES
The weight of Battery Systems is decrease 5 16 4 YES
The temperature tolerance of Battery Systems will increase 3 15 7 NO
The stability of Battery Systems will increase 1 16 8 NO
The capacity of Battery Systems is increase 4 20 1 YES
Table 2 | Battery life influencing factors and their development forecast.




Achieving higher cycle numbers High 1
Increase in C-Rates High 1
Broader SoC range Medium 0.5
Increase of the temperature resistance Medium 0.5
Table 3 | NMC Chemistry market share (%) according to literature, experts and
calculation.
NMC 111 NMC 532 NMC 622 NMC 811 Origin of the value
45 30 20 5 Literature [34]
9 14 30 47 Experts
−36 −16 10 42 Difference
22.5 20 26.3 31.2 Realistic market share
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in the mobility sector within the next years, utilizes cathodes
comprised of 80% nickel, 10% manganese and 10% cobalt (NMC
811) (McKinsey and Company, 2018). Beside an increase in
battery capacity, the decrease of the manganese and cobalt
shares in battery cathodes is often associated with an easing of
the material supply situation for LIBs (Olivetti et al., 2017;
Schmuch et al., 2018).
This is mainly due to the critical conditions of the cobalt
supply chain. In 2018 around 70% of the cobalt mine production
took place in the Democratic Republic of Congo. Not only the fact
of the extreme concentration of the world’s production but also
the critical situation concerning the governance and living
conditions of the Democratic Republic of Congo and other
cobalt producing countries (eg China, Russia, and
Madagascar) results in a high rating of cobalt’s supply risk.
This statement is based on the interpretation of indicators
provided by the World Bank Group (world governance
indicators–voice and accountability, -political stability and
absence of violence, -control of corruption), the United
Nations Development Program (Human Development Index)
and the Fraser Institute (Policy Perception Index) (United
Nations Development Program).
Manganese is rated with a medium criticality, mainly due to its
above-average country concentration. While being far afield from
the geographical concentration of mining operations for cobalt,
the potential risk for cuts in the supply chain exists if political
and/or civil commotions occur (Fortier et al., 2018). The
accompanied political risk is also assessed as slightly above
average (United Nations Development Program). Manganese
has no promising substitutes for most of its main applications,
which increases its supply risk significantly (Graedel et al., 2015).
Manganese is abundant in Earth’s crust, however only around
4.5% of the world’s manganese resources are currently classified
as reserves (Fortier et al., 2018). Moreover, it is currently
recyclable and future technologies are not expected to
contribute to a significant increase in demand prospectively
(Graedel et al., 2011). Also, the fact that manganese is mainly
mined as a host metal and not as a by-product, lowers its
respective supply risk (Nassar et al., 2015).
Based on generally acknowledged indicators for evaluating the
supply risk of materials, nickel receives the lowest rating of the
four considered materials (Graedel et al., 2015). The country
concentration is assessed as medium (Fortier et al., 2018) as well
as the related political risk (except for the human development
index, which receives a more critical rating. Same as for
manganese, recycling pathways for nickel are widely
established. Furthermore, the expected increase in demand for
future technologies is rather low, compared to the demand for
current conventional applications (especially steel production)
(Marscheider-Weidemann et al., 2016; Schmuch et al., 2018).
Same as for cobalt, lithium is characterized by a noticeable
concentration of production. Australia (∼61%) and Chile (∼18%)
dominate the world’s supply (Fortier et al., 2018). However, stable
governance conditions in most lithium mining countries
compared to the ones of cobalt mining countries result in a
lower political- and thus supply risk. This is again except for the
Human Development Index, which is rated as critical (United
Nations Development Program). Although not established on a
large scale, at least some companies are able to recycle lithium
from EoL products and improvement is expected in the future.
The increase in demand for future technologies compared to the
current mining output is rated as very critical (Fortier et al., 2018;
Marscheider-Weidemann et al., 2016). This is mainly due to the
expected market penetration of LIBs (Marscheider-Weidemann
et al., 2016).
In order to estimate the consequences of a change in cell
chemistry on the availability of the four assessed raw materials, a
scenario analysis is conducted. The six scenarios represent
different assumptions concerning material demand in year
2030. Scenarios 1x, 1y and 1z focus on the demand solely
caused by increasing demand for LIBs, while scenarios 2x, 2y
and 2z include the total demand for batteries and other
applications. This is done in order to give an impression about
the impact of increasing battery demand on the commodity
market and the market power of competitors for available
Table 4 | Material demand scenarios.
Scope Name of Scenario Abbr. Color Scheme
Material Demands in t2020 [metric t] Only Battery Battery: Scenario 100% NMC 111 1x —
Battery: Scenario 100% NMC 811 1y —
Battery: Scenario Realistic Mix 1z —
All Applications All: Scenario 100% NMC 111 2x —
All: Scenario 100% NMC 811 2y —
All: Scenario Realistic Mix 2z —
Material Supply (annual mining rate) [metric t] —
Table 5 | Executive summary of the survey.
Number of Total Experts 25 Valid Answers for Battery Life
24
Valid Answers for NMC Evolution
25
Battery Life (Years) Experts’ Opinion Realistic Scenario
12.2 11
Market Share %
NMC 111 9 22.5
NMC 532 14 20
NMC 622 30 26.3
NMC 811 47 31.2
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reserves. Also, this analysis indicates necessary increases in
mining capacity. For each scope (only battery and all
applications) there is one conservative scenario (100% NMC
111 in 2030: 1x & 2x), one progressive scenario (100% NMC
811 in 2030: 1y & 2y) and one realistic scenario which is based on
the results of the expert interview introduced in section 2.3.2 (1z
and 2z). The individual scenarios are depicted in Table 1. Each
scenario is compared to the current mining rate in order to
illustrate potential gaps between supply and demand. Due to
reasons of simplification, it is assumed, that the annual mining
rates and thus the material supply remains constant. Hence, this
juxtaposition is intended to give a first glimpse on the magnitude
of future demands in relation to current supply.
The future material demand for LIBs are calculated by
considering the material inputs per kWh for each cell
chemistry, the assumed shares of cell chemistries and the
predicted battery capacity for automotive application in 2030.
The material inputs per kWh of NMC 111, NMC 622 and NMC
811 are based on Olivetti et al. (2017), while the ones for NMC
532 are based on own assumptions (Olivetti et al., 2017). Further
calculations are based on the average of predicted battery capacity
from Campagnol et al. and Roland Berger GmbH (ref. Table 6).
The two literatures have concordant predictions of future
demands for LIBs, which is why the forecast of Zubi et al. is
neglected in this work (Zubi et al., 2018).
The demand in the scenarios with the scope of including all
applications of the respective material are composed of the
projected demand for Li-Ion batteries in 2030, the current
amounts used for the most prominent applications (Fortier
et al., 2018) as well as the predicted demand for future
technologies in 2035 (Bernhart, 2019). Hence, it is assumed,
that the demand induced by the current main uses remain
constant to today’s level.
For illustrating potential shortages in supply, the annual
material demand represented by the introduced scenarios are
put in relation with currently identified reserves of the assessed
materials. This is done in order to calculate the reach of material
supply in years. Same as for the constant material supply, the
world’s reserves are expected to remain the same until 2030.
Although this results in a certain inaccuracy, historic data from
the United States Geological Survey concerning the reserves of
various raw materials show that such a hypothesis is reasonable.
The following charts depict the described evaluation for the
materials focused in this article (lithium, nickel, manganese,
cobalt). The legend with the color scheme for the individual
graphs can be found in Figure 3 and Table 4.
It can be observed, that the lithium demand for traction
batteries alone will surpass the current supply in each scenario
before 2025. Although this seems very critical it needs to be stated,
that lithium mining capacities are currently not utilized at full
load. However, even by doubling the annual lithium supply,
demands for Li-Ion batteries in the realistic scenario will
exceed the available amount. In order to meet the total
demands for lithium, the production capacity needs to be
increased fourfold. Li-ion batteries account for nearly half of
the world’s demand for lithium. The static reach of lithium
increases slightly due to lower material inputs per kWh in
batteries with nickel-rich cathodes. However, the effect on the
scope including all applications can be scored as low Figure 4.
Compared to the global demand, the nickel demand for LIBs
are currently insignificant. However, increasing demands
alongside with higher nickel contents in future battery
systems will raise the share on the global demand from
around 4% in 2020 to 34% (scenario 100% NMC 811) and
30% (realistic scenario) respectively. This illustrates the
increasing market power of cathode- and/or battery
manufacturers. Excessive current supply in the early twenties
indicates the possibility of shortage in material availability and
price increase. The change in battery chemistry has huge
influence on the static reach of the nickel reserves. By
supposing a complete market penetration of NMC 811 (1y)
the static reach is cut in half compared to the conservative
scenario (1x). Including the demands of the current main
FIGURE 3 | Analysis of lithium raw material availability.
Table 6 | Literature - Li-Ion battery demand in 2030.
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applications and future technologies with LIBs, the static reach
of the nickel reserves approaches critical values of around
20 years Figure 5.
The demand for manganese in LIBs is insignificant compared
to the global demand of all applications (mainly metallurgy). This
pertains to each analyzed scenario. The change in battery
chemistry has nearly no impact on the supply-demand ratio.
Respectively, the static reach of manganese reserves in the
scenarios with focus on battery demands (1x, 1y, 1z) is higher
than any strategic planning horizon (notice the inconsistent
y-axis). Although battery demand does not have a measurable
effect, the static reach is decreased to around 40 years by
incorporating all applications of manganese (2x, 2y, 2z).
Hence, supposing there are shortfalls in manganese supply, the
battery industry is in competition with strong market participants
Figure 6.
As expected, the availability of cobalt is scored to be the most
critical. Even by assuming the complete market penetration of
NMC 811, the cobalt demand for traction batteries only surpasses
the current supply (1y). The total demand for cobalt in the realistic
scenario equals around 3.6 times the current mining rate (2z). By
assuming a conservative scenario and thus NMC 111 to stay the
predominant cathode, the demand is equivalent to 5.7 times the
current supply (2x). By lowering the cobalt content in battery
systems, the static reach of cobalt reserves can be extended from 8
(2x) to 22 (2y) years. The static reach in the realistic scenario
amounts to 13 years which is assessed as highly critical.
As recycling bears the potential of easing the presented supply
situation, the following section discusses the state-of-the-art
recycling routes for LIBs.
CURRENT RECYCLING TECHNOLOGIES
AND THEIR CONTRIBUTION TO REGAIN
CRITICAL RAW MATERIALS
Recycling is a key element within the circular economy, to keep
materials in a closed loop system and to reduce the demand for
primary raw materials in production, which in turn reduces the
supply risk of critical raw materials. The increasing number of
LIBs collected from EVs at their EoL raises the need for recycling.
Recycling of LIBs typically includes pre-treatment processes,
pyrometallurgical and or hydrometallurgical processes (Mossali
et al., 2020).
Pre-Treatment Processes
Pre-treatment processes comprise various activities before either
hydrometallurgical or pyrometallurgical processes or mixtures of
both are applied to recycle LIBs (Li et al., 2018; Velázquez-
Martínez et al., 2019; Mossali et al., 2020). Main objectives
according to 55 are improvement of recovery rate,
management of safety issues, reduction of scrap volumes and
energy consumption and enrichment of the metallic fraction.
As a prerequisite for an efficient recycling and due to the
increasing variety of LIBs, they are first sorted and classified
regarding battery type and battery chemistry (Melin, 2019). To
prevent risks like short circuiting or spontaneous combustion
during handling and manipulation, LIBs are then discharged
(Hanisch et al., 2015; Li and et al., 2018; Mossali et al., 2020). This
is usually done by immersing the LIB in salt solutions (Wang
et al., 2017; Zheng et al., 2018; Mossali et al., 2020). 60 describe
alternatives like connecting the LIBs to resistors to collect the
residual energy or stimulating a controlled short circuit (Hanisch
et al., 2015; Mossali et al., 2020).
For the recycling of battery systems, these are generally
completely disassembled for processing to enable a material
recovery of individual cells and to decrease the volume of the
product to be treated (Mossali et al., 2020). Because of the high
variety of LIBs, this is usually done manually, however research is
focusing on possibilities to automate this process to reduce time
and costs (Melin, 2019; Mossali et al., 2020). The cells are further
dismantled manually to separate cathode, anode and other
components or by mechanical separation (Zheng et al., 2018).
Binder materials such as polyvinylidene fluoride (PVDF) or
polytetrafluoroethylene (PTFE) make it difficult to separate the
cathode material from the substrate (aluminum foil). There are
different methods to solve this issue, eg ultrasonic-assisted
separation, thermal treatment or a solvent dissolution method
(Gaines, 2018; Melin, 2019). Besides thermal and chemical pre-
treatments, mechanical and physical pre-treatments are the most
used technique at industrial level, which allows to segregate
valuable materials and to reduce scrap volumes (Mossali et al.,
2020). Mechanical pre-treatments are based on differences in the
physical properties and do not alter the cell chemistry
FIGURE 4 | Analysis of nickel raw material availability.
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(Velázquez-Martínez et al., 2019). Crushing, shredding and
grinding is used to segregate current collector foils and
organic materials from the active leachable powder. The
increased surface enables a more efficient dissolution of metals
during acid leaching in the following hydrometallurgical process
(Hanisch et al., 2015; Mossali et al., 2020). However, mechanical
pre-treatments like shredding mix up the anode and cathode
materials at the start of the process, which makes it more complex
in the downstream processes (Harper et al., 2019).
Pyrometallurgical Recycling
Pyrometallurgical processes are the most mature battery recycling
technology, even if this process was not intended for use in
recycling of spent LIBs during their initial design (Baltac and
Slater, 2019; Fan et al., 2020). The simple operation and the ability
to recycle different battery chemistries simultaneously are one of
the main advantages of this recycling scheme (Baltac and Slater,
2019; Fan et al., 2020). However, according to Dunn et al. using
pyrometallurgy recycling for LMO, LFP and NMC batteries does
not reduce green house gases, since the emissions from primary
production of their virgin materials are lower (Joulié et al., 2014).
For pyrometallurgical recycling, LIBs are dismantled either to
module or cell level, without the need for a prior passivation step.
They are fed to a high-temperature shaft furnace, together with a
slag forming agent (Gaines, 2014; Harper t al., 2019) Within the
high-temperature furnaces where the batteries are placed, redox
reactions are activated to smelt and purify valuable metals, which
are reduced and recovered in the form of alloys (Lv et al., 2018;
Zheng et al., 2018; Velázquez-Martínez et al., 2019). During the
process, the heat of burning materials (eg electrolytes, plastics,
wires) can be re-used to reduce the energy consumption (Gaines,
2014; Gaines, 2018; Baltac and Slater, 2019; Harper et al., 2019).
Output of the pyrometallurgical process are a metallic alloy
fraction, slag and gases (Harper et al., 2019). High
temperature facilitates oxidation and reduction reactions
resulting in a mixed metal alloy containing copper, cobalt,
nickel and iron (Gaines, 2018; Baltac and Slater, 2019; Harper
et al., 2019; Fan et al., 2020; Mossali et al., 2020). The alloy can be
separated through hydrometallurgical processes (Harper et al.,
2019). The resulting furnace slag consists of ashes and burnt
components, primarily containing aluminum, lithium, silicon,
calcium, iron and manganese, which was present in the cathode
material (Gaines, 2014; Baltac and Slater, 2019; Harper et al.,
2019). In general, the aluminum and lithium in the slag is not
recovered, since it is not economically viable (Gaines, 2018;
Mossali et al., 2020). Instead, the slag can be reused eg as
cement additive (Hanisch et al., 2012; Gaines, 2018). For a
comprehensive description of recycling processes regarding
lithium recovery including method, efficiency and quality
(Shin et al., 2005). To avoid the release of potentially toxic by-
FIGURE 6 | Analysis of cobalt raw material availability.
FIGURE 5 | Analysis of manganese raw material availability.
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products, gas clean-up steps are necessary (Gaines, 2014). Despite
disadvantages of the pyrometallurgical process, like high capital
costs, production of toxic gases, high-energy consumption and
limited number of reclaimed materials, it remains a frequently
used, economical process for the extraction of high-value
transition metals as cobalt and nickel (Gaines, 2014; Joulié
et al., 2014; Chen et al., 2015; Harper et al., 2019; Mossali
et al., 2020).
Hydrometallurgical Recycling
Hydrometallurgical processes are used after pre-treatments, in
which battery packs are dismantled and cells further fragmented,
eg by shredding (Baltac and Slater, 2019). Leaching is one of the
key processes in which the ions are dissolved out of a solid like the
active cathodic powder by using acids, resulting in a mixture of
ionic species in solution (Gaines, 2018; Lv et al., 2018; Yao et al.,
2018; Baltac and Slater, 2019; Harper et al., 2019; Mossali et al.,
2020). Main operating parameters are temperature, acid and
reducing agent concentration and species, reaction time and
solid/liquid ratio (Li et al., 2018; Harper et al., 2019; Mossali
et al., 2020). The metals in the solution can be recovered in high
rates using a series of chemical methods like precipitation, solvent
extraction and electrolytic deposition resulting in separated
elements, which can be eg used to produce new cathode
material (Gaines, 2018; Yao et al., 2018; Baltac and Slater,
2019). Due to their similar properties, cobalt and nickel ions
are difficult to separate from each other (Gaines, 2018).
In general, the main advantages of hydrometallurgical
processes compared with pyrometallurgical processes are
higher recovery efficiency of valuable metals, especially Li,
lower energy consumption, less production of toxic gases and
lower capital costs (Lv et al., 2018; Fan et al., 2020; Mossali et al.,
2020). Main drawbacks of using hydrometallurgical processes for
LIB recycling are high dependency on pre-treatments and used
technologies, emissions associated with the used chemicals and
difficulty to process different battery chemistries and battery at
once (Baltac and Slater, 2019; Mossali et al., 2020). This is due to
the fact that each recycling sequence has to be optimized for a
certain battery chemistry, to ensure high recovery of materials
and favourable economics (Baltac and Slater, 2019).While the use
of strong acids is connected with possible health issues and
contamination of the environment, and also increases process
costs and complexity, current studies propose the use of
biodegradable organic acids (Gaines, 2018; Harper et al., 2019;
Mossali et al., 2020).
Direct recycling
Direct, mechanical or physical recycling processes are a new
recycling technology, which is still under development and are
not yet used on an industrial scale (Baltac and Slater, 2019;
Harper et al., 2019). Without using thermal or chemical energy,
the recycling process focuses on reusing components or materials
in new batteries, e.g. by the separation of components from the
active material powder of shredded cells (“black mass”) (Gaines,
2018; Shi et al., 2018; Harper et al., 2019). Other forms of direct
recycling comprise e.g. the use of supercritical CO2 to extract the
electrolyte from battery cells (Mayyas et al., 2019) or the recovery
of components like casing and wiring for further processing
(Baltac and Slater, 2019).
It is important to highlight, that the recycling processes
described above are not just alternatives to each other, but can
be used in different combinations and with multiple variations in
each design (Managing End-of-Life Li-ion Batteries: Battery
Recycling Technologies: Innovative Technologies for the
Recovery and Reuse of Valuable Metals from End-of-Life
Lithium-ion Batteries, 2020). Due to the complex structure of
LIBs, recycling processes were designed with the aim to recover
different components (Fan et al., 2020). Generally,
hydrometallurgy processes are used after the pyrometallurgy
process to recover metals like Co. or Ni from the alloy. More
than 90% Ni and Co. are recoverable from the molten alloy, for
Cu the recovery rate is lower and Li and Al are part of the furnace
slag (Fan et al., 2020; Managing End-of-Life Li-ion Batteries:
Battery Recycling Technologies: Innovative Technologies for the
Recovery and Reuse of Valuable Metals from End-of-Life
Lithium-ion Batteries, 2020). A cost-intensive recovery of
about 50–60% of Li is possible. Hydrometallurgical recycling
allows a recovery rate of around 95% regarding Ni and Co. as
salts, while Cu can be recovered up to 100% and Li by around
90%. Other components are recoverable by up to 80%. To achieve
these high rates, the leaching processes are usually tailored for
specific battery chemistries and extensive pre-treatment processes
are necessary. In the future, hydrometallurgical recycling
processes require an efficient and more rapid removal of
impurities, to increase the purity of the recovered materials
(Fan et al., 2020; Managing End-of-Life Li-ion Batteries:
Battery Recycling Technologies: Innovative Technologies for
the Recovery and Reuse of Valuable Metals from End-of-Life
Lithium-ion Batteries, 2020).
CONCLUSION
An executive summary of the survey and this study are collected in
Table 5. The investigated scenarios of this paper demonstrate a
strong market growth in the e-mobility sector. As a result, a rapid
increase in LIB production capacities is foreseeable. It is evident
that no competitive alternatives to Li-ion technology will arise until
2030 regarding commercialization and mass production. Hence, a
significant growth in supply for their key elements (Li, Ni and Co.)
is required. As a consequence of the extremely dynamic
development of e-mobility, which nowadays includes e-bikes
and e-scooters with shorter lifetimes, the raw material demand
will tremendously accelerate. Estimations beyond 2030 are subject
to high uncertainty due to the potential market penetration of
innovative technologies that are currently under research (eg solid-
state Lithium-Ion and/or sodium-based batteries).
The results of this paper show that the annual demand for
global e-mobility by 2030 will boost the battery production to
about 1725 GWh (LIB) and that Ni will be the dominating raw
material. LIBs are now and in the coming years driven by higher
nickel contents. Among the various NMC subgroups, NMC 111
has currently the highest demand. The present situation
concerning battery demand and market shares of the
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respective cell chemistries corresponds to a yearly nickel demand
of 4% of the annual global mining production. In the progressive
scenario in which NMC cathode demand is solely met by NMC
811 chemistries, the demand for nickel in year 2030 would
increase to 34% of the current mining production.
Although NMC 111may still have a notable market share in the
near future, the trend toward NMC and NCA battery cells with a
high nickel and low cobalt content is clear and will be responsible
for an accelerated depletion of nickel reserves by 2050. However,
further research incorporating dynamic supply is recommended.
Additionally, a battery grade nickel production requires a specific
supply chain, meaning not all nickel resources are feasible for LIBs
production. Taking into account that remarkable LIB recycling will
take place beyond 2030, since enough cells must be present and
second life is envisaged before recycling, potential shortages and
tremendous cost uncertainties of Ni are the consequences. This
makes the parallel search for alternative Ni-free battery
technologies indispensable from now.
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